Abstract: Several series of six-cell photovoltaic test-modules-intact and with deliberately generated failures (micro-cracks, cell cracks, glass breakage and connection defects)-were artificially and naturally aged. They were exposed to various stress conditions (temperature, humidity and irradiation) in different climate chambers in order to identify (i) the stress-induced effects; (ii) the potential propagation of the failures and (iii) their influence on the performance. For comparison, one set of test-modules was also aged in an outdoor test site. All photovoltaic (PV) modules were thoroughly electrically characterized by electroluminescence and performance measurements before and after the accelerated ageing and the outdoor test. In addition, the formation of fluorescence effects in the encapsulation of the test modules in the course of the accelerated ageing tests was followed over time using UV-fluorescence imaging measurements. It was found that the performance of PV test modules with mechanical module failures was rather unaffected upon storage under various stress conditions. However, numerous micro-cracks led to a higher rate of degradation. The polymeric encapsulate of the PV modules showed the build-up of distinctive fluorescence effects with increasing lifetime as the encapsulant material degraded under the influence of climatic stress factors (mainly irradiation by sunlight and elevated temperature) by forming fluorophores. The induction period for the fluorescence effects of the polymeric encapsulant to be detectable was~1 year of outdoor weathering (in middle Europe) and 300 h of artificial irradiation (with 1000 W/m 2 artificial sunlight 300-2500 nm). In the presence of irradiation, oxygen-which permeated into the module through the polymeric backsheet-bleached the fluorescence of the encapsulant top layer between the cells, above cell cracks and micro-cracks. Thus, UV-F imaging is a perfect tool for on-site detection of module failures connected with a mechanical rupture of solar cells.
Introduction
Photovoltaic systems (PV) have developed into one of the most promising key technologies within renewable energy supply systems. Starting as a niche market of small scale, special purpose applications more than 30 years ago, PV has turned into a mainstream electricity source with a cumulative global capacity of 303 GW in 2016 according to the Trend Report of the International Energy Agency (IEA) [1] and the Global Market Report of Solar Power Europe [2] . Electricity generation by photovoltaic systems is strongly gaining in importance with utility scale solar plants already being cost-competitive with wind energy and also fossil fuels and nuclear energy [2] . However, there are still some hurdles to overcome to strengthen the role of PV systems in a global electricity market [2, 3] and to let PV develop into a technology which can contribute to the obtainment of local and global sustainable goals [4, 5] . The growing PV production rates suggest that new sectors like PV recycling will be essential in the world's transition to a sustainable, economically viable and increasingly renewables-based energy future (as described in detail in the joined International Renewable Energy Agency (IRENA)/International Energy Agency (IEA) Photovoltaic Power Systems (PVPS) report on End-of-Life Management of PV panels [4] ), [6] .
Induced by the enhanced competition in the PV market over the last decade, the PV industry has experienced tremendous pressure to reduce production costs. At the same time, there is high demand for improving the module's efficiency, reliability and long-term performance [7, 8] as well as its sustainability [4] [5] [6] . In order to be competitive in the market, a warranty of operational lifetimes of 25+ years at a maximum total yield loss of 20% has to be granted [7] [8] [9] [10] . Upon improper handling, transport and/or installation of PV modules, failures due to mechanical impact, such as cracked cells, disruptions in the electric connection system or glass breakage, can occur (an elaborated review of failure modes of PV modules is given in [11] ), [12] . Furthermore, extreme stress imposed on installed modules by storm events, heavy snow loads or hail storms can also cause such failures [13] [14] [15] [16] [17] . Thus, one of the major concerns, especially for operation and maintenance (O & M) companies, is to forecast how mechanically-induced module failures develop over time and how this will affect yield under different stress conditions in the future [18, 19] . However, a recent comprehensive report of the IEA PVPS Task13 on the "Assessment of Photovoltaic Module Failures in the Field" [20] came to the preliminary conclusion that no strong correlations between observed failure occurrences and impacts on climatic zones exist. An extended data analysis with larger data sets is planned for the future. Some failure modes like potential induced degradation, failure of bypass diodes and also cell cracks seem to be independent of climatic zones [20] .
In the Austrian flagship research project, INFINITY, the topics of in-field failure detection and failure propagation were also addressed [17, 21, 22] . The objective of the work presented here is to investigate the detectability of various mechanically-induced failures (glass crack, solar cell micro-cracks and defects in the cell connection system) and their potential propagation under artificial stress conditions (enhanced temperature, humidity and irradiation) as well as under outdoor weathering conditions. The effect of the failures on the module's performance is analysed and visualized by current-voltage (IV) and electroluminescence (EL) measurements. Furthermore, the detectability of such failures by the non-destructive characterisation tool, ultraviolet fluorescence imaging (UV-F), is investigated. With this experimental approach, we aim to see (i) the effects that deliberately-generated failures (micro-cracks, cell cracks, glass breakage, and defects in the cell interconnection) have on the developing UV-fluorescence (UV-F) patterns and (ii) whether a propagation of such failures occurs with storage time. This will allow the deduction of additional information from UV-F images of failure modules in the field and will facilitate their interpretation.
Materials and Methods

Experimental Approach
For this investigation, identical 6-cell PV modules (polycrystalline Si-cells, ethylene vinyl acetate (EVA)-encapsulation, non-gastight polyethylene terephthalate (PET)-based backsheet and glass frontsheet) were produced. Modules were manufactured (i) without failures (ii) with a defect in the cell connection system (one cell connector was deliberately cut), or (iii) with micro-cracks, introduced in the solar cells by means of mechanical impact. Two test modules of each module type (i-iii) were stored as follows: Figure 1 ).
All samples were characterized in detail (i) before and after light stabilization with 20 kWh and (iI) after the aging procedure with power and EL measurements. In addition, the effects of the failures on the formed fluorescence patterns of the polymeric encapsulant were monitored by measuring the UV-F of the test modules every 100 h during the accelerated aging tests (indoor) and every month during outdoor storage.
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Characterisation Methods
Electrical Measurements
By means of IV measurements, the open circuit voltage (UOC), short circuit current (Isc), series resistance (RSER), shunt resistance (RSH), maximum power point (PMPP), voltage at PMPP (UMP), current at PMPP (IMP), and fill factor (FF) were determined. The IV measurements of all test modules before and after the accelerated ageing test or following natural weathering for 1.5 years were performed in accordance with IEC61215 [9, 23] . The electrical performance was measured under laboratory standard conditions (25 °C; 1000 W/m 2 with air mass (AM) 1.5 spectral distribution) using a PASAN HighLIGHT VLMT A+A+A+ flasher. The HighLIGHT VLMT (Very Large Module Tester) is designed to flash a surface of 3 m × 3 m. The accuracy of the power measurement is set by the quality and reliability of the module tester, with the used system being classified as A+A+A+ (according to the IEC Standard IEC 60904-9 [24] ) based on three parameters: a spectral irradiance distribution of ≤12.5%, a non-uniformity of irradiance of 1% and a pulse instability (long term) of ≤1%.
Electroluminescence Measurements
EL measurements take advantage of the radiative interband recombination of excited charge carriers in solar cells. For EL investigations, the module is operated as a light emitting diode. The emitted radiation due to recombination effects can be detected with a sensitive Si-CCD-camera. The wavelength window of the Si-CCD camera is 300 to 1100 nm. The solar cells are supplied with a defined external excitation current (current applied ≤ short circuit current (Isc) of the cell or module) while the camera takes an image of the emitted photons. Damaged areas of a solar module appear 
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Electroluminescence Measurements
EL measurements take advantage of the radiative interband recombination of excited charge carriers in solar cells. For EL investigations, the module is operated as a light emitting diode. The emitted radiation due to recombination effects can be detected with a sensitive Si-CCD-camera.
The wavelength window of the Si-CCD camera is 300 to 1100 nm. The solar cells are supplied with a defined external excitation current (current applied ≤ short circuit current (I sc ) of the cell or module) while the camera takes an image of the emitted photons. Damaged areas of a solar module appear dark or radiate less than areas without defects. EL has proven to be a useful tool for investigating electrical inhomogeneities caused by intrinsic defects (e.g., grain boundaries, dislocations, shunts, or other process failures) and extrinsic defects (e.g., cell cracks, corrosion, or interrupted contacts) [25] [26] [27] .
To determine the influences of defects (e.g., shunts), the EL behaviour of the test modules was investigated with different current densities: 10% and 100% of I SC . When applying a low current density (10% of I sc of the module), the conductivity of shunts was very high. When applying higher current densities (~I SC ), the conductivity of the positive-negative (p-n)-junction increased compared to the shunt conductivity, and shunts were less influential on the EL intensity distribution. Thus, with low current densities, the material properties can be investigated, and with high current densities, the properties of the electrical contacts can be investigated [28] .
UV-Fluorescence Measurements
Fluorescence is a form of luminescence and stands for the physical effect of the emission of light by a material that has absorbed light or other electromagnetic radiation. The emitted light (e.g., in the visible region) has a longer wavelength than the absorbed radiation (e.g., UV light). A fluorophore is thus a fluorescent chemical compound that can re-emit light upon light excitation and mostly contains several combined aromatic groups or other plane or cyclic molecules with several π bonds. Typical fluorophores are degradation products of polymers and/or additives with chromophoric/fluorophoric groups. The fluorescence of materials can be extinguished by "photobleaching" effects which lead to a decrease in fluorescence due to reaction processes with, for example, oxygen [11, 29, 30] . The first description of fluoresence effects in PV encapsulants was performed in 1993 by Pern [31, 32] . The use of this effect as a diagnosis tool for polymeric encapsulant processing and degradation was also reported be Pern et al. one year later [30] . The first to observe the UV fluorescing effects of PV encapsulants caused by ageing-induced polymer degradation was Röder et al. in 2008 [33] [34] [35] [36] [37] [38] , and the first to use these UV-F effects and the formation of specific patterns of fluorescing and bleached parts within the module to detect cell breakage of aged PV modules in the field was Köntges et al. in 2012 [14, [39] [40] [41] .
In this study, UV-Fluorescence measurements were performed in a dark environment by illumination of the PV modules with UV light and detection of the fluorescing light in the visible region by a photographic camera system (Olympus OM-D, equipped with high pass filter to cut off the UV irradiation). Excitation with UV light was performed with a self-made UV lamp [42] consisting of 3 power-tunable light emitting diode (LED) arrays with an emission maximum at 365 nm and a low pass filter to cut off all visible light. The power supply was a modified DC/DC converter with controllable and piecewise constant voltage/constant current characteristics, sourced by a 12-cell, lithium-polymer accumulator with a capacity of 5000 mAh. This characterization method is non-destructive, non-invasive, easy to handle and fast (an exposure time of 30 s is sufficient to achieve a well contrasted UV fluorescence image of a module) [17, 22] .
Results
In order to see (i) the effects that deliberately-generated failures (micro-cracks, cell cracks, glass breakage, and defects in the cell interconnection) have on developing UV fluorescence patterns and (ii) to determine whether propagation of such failures occurs with storage time, reference modules and defective test modules were treated in the same way (as described above).
Test Modules without Failures
As expected, the reference modules (test modules without failures) did not show relevant degradation effects, as determined by performance and EL measurements, irrespective of the stress conditions applied. The power of the modules after light stabilization was 24.3 ± 0.1 W under standard test conditions (STC) conditions (see Table 1 ) and changed only slightly upon accelerated and natural ageing. While irradiation with artificial sunlight for 1000 h caused a slight decrease in the power output (−1%) at the maximum power point (P MPP ), storage under DH for 1000 h and OD storage for 1.5 years resulted in slight increases in the P MPP of +0.3% and +0.7%, respectively. The original modules did not show any specific fluorescence behavior after manufacturing and light stabilization (see Figure 2a) . Upon subsequent DH storage, however, the polymeric encapsulation showed fluorescing effects (Figure 2b ). These effects were related to the ingress of water vapour into the polymeric encapsulant and were not homogeneously distributed over the whole module. The fluorescing effects were stronger above the backsheet and the rims of the cells. The broadness of the fluorescing rims increased with increasing storage time (related to water vapour permeating into the encapsulant via the polymeric backsheet). power output (−1%) at the maximum power point (PMPP), storage under DH for 1000 h and OD storage for 1.5 years resulted in slight increases in the PMPP of +0.3% and +0.7%, respectively. The original modules did not show any specific fluorescence behavior after manufacturing and light stabilization (see Figure 2a) . Upon subsequent DH storage, however, the polymeric encapsulation showed fluorescing effects (Figure 2b ). These effects were related to the ingress of water vapour into the polymeric encapsulant and were not homogeneously distributed over the whole module. The fluorescing effects were stronger above the backsheet and the rims of the cells. The broadness of the fluorescing rims increased with increasing storage time (related to water vapour permeating into the encapsulant via the polymeric backsheet). In contrast, upon irradiation with artificial sunlight, fluorescing groups were formed within the front encapsulant layer of the module (Figure 2c ). The UV-fluorescence was evenly distributed in the polymeric encapsulation and increased in intensity with increasing irradiation doses. In our test setup, after 300 h of irradiation in the accelerated ageing test and after 12 months of outdoor storage, UV-F effects could clearly be detected in the encapsulation of the test modules. Between and at the rims of the cells, the fluorescence was extinguished by oxygen (bleaching) permeating into the encapsulation via the polymeric backsheet. The broadness of the extinct area at the cell rims increased with increasing weathering time. In contrast, upon irradiation with artificial sunlight, fluorescing groups were formed within the front encapsulant layer of the module (Figure 2c ). The UV-fluorescence was evenly distributed in the polymeric encapsulation and increased in intensity with increasing irradiation doses. In our test setup, after 300 h of irradiation in the accelerated ageing test and after 12 months of outdoor storage, UV-F effects could clearly be detected in the encapsulation of the test modules. Between and at the rims of the cells, the fluorescence was extinguished by oxygen (bleaching) permeating into the encapsulation via the polymeric backsheet. The broadness of the extinct area at the cell rims increased with increasing weathering time.
One testmodule showed a glass crack which occurred at the beginning of the irradiation test, most probably caused by thermal tension (untempered glass was used for all test modules). It was first noticed after 100 h storage time and increased in length, reaching its final magnitude after 400 h [8] . It was observed that the fluorescence formed homogeneously in the polymeric encapsulation over the cells and disappeared beneath the glass breakage after 300 h of further irradiation. The EL image showed that the glass breakage (induced by thermal stress in the first phase of the weathering test) did not cause a crack in the underlying cells. The disappearance of the fluorescence beneath the glass breakage is attributed to an oxygen bleaching effect. The incoming oxygen can interact/react with the activated and fluorescing sites of the polymer, leading to a decrease in its fluorescence intensity. The glass breakage had no impact on the performance of the test module after the 1000 h irradiation test.
Test Modules with Cell Cracks/Micro-Cracks
The test module with deliberately induced cell cracks/micro-cracks did not show relevant differences in the power output (P MPP , measured under STC conditions) compared to the intact reference modules before ageing (see results in Table 2 ). Upon aging under irradiation, however, decreases in P MPP by −1.6% and −2.8% were observed, while storage under DH and outdoor conditions resulted in an increased electrical output of +1.1%and +1.9%, respectively.
It has to be noted at this point that it was very difficult to generate a comparable number and size of (micro)cracks in the six test modules. As visualized in the EL images (see Figure 3 ), there were modules with few (*) and numerous (**) micro-cracks and others with cell cracks ( + ), and it was expected that their effects on degradation would be quite different. One testmodule showed a glass crack which occurred at the beginning of the irradiation test, most probably caused by thermal tension (untempered glass was used for all test modules). It was first noticed after 100 h storage time and increased in length, reaching its final magnitude after 400 h [8] . It was observed that the fluorescence formed homogeneously in the polymeric encapsulation over the cells and disappeared beneath the glass breakage after 300 h of further irradiation. The EL image showed that the glass breakage (induced by thermal stress in the first phase of the weathering test) did not cause a crack in the underlying cells. The disappearance of the fluorescence beneath the glass breakage is attributed to an oxygen bleaching effect. The incoming oxygen can interact/react with the activated and fluorescing sites of the polymer, leading to a decrease in its fluorescence intensity. The glass breakage had no impact on the performance of the test module after the 1000 h irradiation test.
The test module with deliberately induced cell cracks/micro-cracks did not show relevant differences in the power output (PMPP, measured under STC conditions) compared to the intact reference modules before ageing (see results in Table 2 ). Upon aging under irradiation, however, decreases in PMPP by −1.6% and −2.8% were observed, while storage under DH and outdoor conditions resulted in an increased electrical output of +1.1%and +1.9%, respectively It has to be noted at this point that it was very difficult to generate a comparable number and size of (micro)cracks in the six test modules. As visualized in the EL images (see Figure 3 ), there were modules with few (*) and numerous (**) micro-cracks and others with cell cracks ( + ), and it was expected that their effects on degradation would be quite different. One test module (no. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , which showed a cell crack in the EL image (Figure 3c ), supplied UVfluorescence images upon DH storage, as shown in Figure 4 . In addition to the fluorescence formed with increasing storage time above the backsheet and the rims of the cells, fluorescence was also observed above the cell crack making it detectable for the observer. It has to be noted that neither the performance (−0.1%) nor the EL image of this test module were changed drastically upon artificial ageing for 1000 h DH. With one module (no. 1-09), the cell crack increased in length following outdoor storage for 1.5 years by a factor of 2, and the performance increased slightly (+1.1%).
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One test module (no. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , which showed a cell crack in the EL image (Figure 3c ), supplied UVfluorescence images upon DH storage, as shown in Figure 4 . In addition to the fluorescence formed with increasing storage time above the backsheet and the rims of the cells, fluorescence was also observed above the cell crack making it detectable for the observer. It has to be noted that neither the performance (−0.1%) nor the EL image of this test module were changed drastically upon artificial ageing for 1000 h DH. With one module (no. 1-09), the cell crack increased in length following outdoor storage for 1.5 years by a factor of 2, and the performance increased slightly (+1.1%). Upon irradiation with artificial sunlight and natural sunlight (see Figures 5b,c) , the evolving fluorescence pattern of the test modules with micro-cracks clearly differed from those of the test modules without failures (see Figure 2 ). The UV-F images taken every 100 h of accelerated weathering again showed a continuous increase in the intensity of fluorescence above the cells with unequivocally detectable intensities starting from 300 h. However, there were numerous dark spots where no fluorescence was generated Upon irradiation with artificial sunlight and natural sunlight (see Figure 5b,c) , the evolving fluorescence pattern of the test modules with micro-cracks clearly differed from those of the test modules without failures (see Figure 2 ). One test module (no. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , which showed a cell crack in the EL image (Figure 3c ), supplied UVfluorescence images upon DH storage, as shown in Figure 4 . In addition to the fluorescence formed with increasing storage time above the backsheet and the rims of the cells, fluorescence was also observed above the cell crack making it detectable for the observer. It has to be noted that neither the performance (−0.1%) nor the EL image of this test module were changed drastically upon artificial ageing for 1000 h DH. With one module (no. 1-09), the cell crack increased in length following outdoor storage for 1.5 years by a factor of 2, and the performance increased slightly (+1.1%). Upon irradiation with artificial sunlight and natural sunlight (see Figures 5b,c) , the evolving fluorescence pattern of the test modules with micro-cracks clearly differed from those of the test modules without failures (see Figure 2) . The UV-F images taken every 100 h of accelerated weathering again showed a continuous increase in the intensity of fluorescence above the cells with unequivocally detectable intensities starting from 300 h. However, there were numerous dark spots where no fluorescence was generated The UV-F images taken every 100 h of accelerated weathering again showed a continuous increase in the intensity of fluorescence above the cells with unequivocally detectable intensities starting from 300 h. However, there were numerous dark spots where no fluorescence was generated (Figure 5b ). In comparison with the EL image of that module, a clear correlation with the positions of the micro-cracks in the cells could be obtained. At the positions of the micro-cracks in the cells, the fluorescence was extinguished by oxygen (bleaching) permeating into the front encapsulation via the polymeric backsheet and cell cracks. In the outdoor weathering, the effect of UV-F in the front encapsulant was clearly detectable after 1 year showing extinctions (dark spots) at the locations of the micro-cracks in the cells (see. Figure 5c ; confirmed by parallel EL measurements).
Measurement of Test-Modules with Failures in the Connection System
The EL images of the test modules with defects in the connection system (interruption of one connection ribbon of one cell in the six-cell test module) all showed-as expected-a darker region of one cell, with the rest of the affected cell being brighter (see Figure 6 ). This effect was visible in the EL image in the original state, after accelerated ageing (under DH or irradiation conditions) and outdoor testing. The electrical performances of these test modules (P MPP , measured under STC-conditions) before and after ageing are summarized in Table 3 . The power output of the original modules was only~1% lower than that for the intact reference modules. This effect was due to a higher R SER .
Energies 2018, 11, x FOR PEER REVIEW 8 of 14
( Figure 5b ). In comparison with the EL image of that module, a clear correlation with the positions of the micro-cracks in the cells could be obtained. At the positions of the micro-cracks in the cells, the fluorescence was extinguished by oxygen (bleaching) permeating into the front encapsulation via the polymeric backsheet and cell cracks. In the outdoor weathering, the effect of UV-F in the front encapsulant was clearly detectable after 1 year showing extinctions (dark spots) at the locations of the micro-cracks in the cells (see. Figure 5c ; confirmed by parallel EL measurements).
The EL images of the test modules with defects in the connection system (interruption of one connection ribbon of one cell in the six-cell test module) all showed-as expected-a darker region of one cell, with the rest of the affected cell being brighter (see Figure 6 ). This effect was visible in the EL image in the original state, after accelerated ageing (under DH or irradiation conditions) and outdoor testing. The electrical performances of these test modules (PMPP, measured under STCconditions) before and after ageing are summarized in Table 3 . The power output of the original modules was only ~1% lower than that for the intact reference modules. This effect was due to a higher RSER. Upon ageing, the test modules with a deliberately-generated connection defect behaved comparably to the intact modules (decrease in PMPP after artificial irradiation by −1.2%, stable after DH storage, slight increase upon OD testing by +0.7%), and no stress-induced propagation of the failures could be observed in the test program applied. The UV-F images of the test modules with defects in the cell interconnectors were identical to those of the intact reference modules, irrespective of the stress treatment (see Figure 7 ).
This comparison clearly shows that the UV-F pattern which appears under outdoor conditions (Figure 7b ) resembles the fluorescence pattern observed after artificial aging (Figure 7c) . However, Figure 6 . EL image at 100% I SC of a test module with a defective cell interconnection in the original state. Upon ageing, the test modules with a deliberately-generated connection defect behaved comparably to the intact modules (decrease in P MPP after artificial irradiation by −1.2%, stable after DH storage, slight increase upon OD testing by +0.7%), and no stress-induced propagation of the failures could be observed in the test program applied. The UV-F images of the test modules with defects in the cell interconnectors were identical to those of the intact reference modules, irrespective of the stress treatment (see Figure 7 ). This comparison clearly shows that the UV-F pattern which appears under outdoor conditions (Figure 7b ) resembles the fluorescence pattern observed after artificial aging (Figure 7c) . However, the intensity of the UV-F above the cells is lower and the extinct area at the cell rims is broader, indicating a pronounced oxygen ingress.
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Discussion
The results presented show a good robustness of the PV modules against stress, even when defects such as micro-cracks, cell cracks, glass breakage or interruptions in the cell interconnections are present. Hardly any propagation of the module failures in the accelerated ageing tests (indoors) and the outdoor exposure test could be detected. It was also noticed that the length of the microcracks (as visualized by the EL-images) did not (or only minor) increase during the time span of the accelerated (indoor) or natural ageing (outdoor) tests performed within the work presented. These effects were also found by Buerhop-Lutz et al. in indoor tests [15] and Jaeckel et al. in a 15-year outdoor test [16] and are in accordance with a recent study by Dimish et al. on the impact of cracks on photovoltaic power performance [43] .
However, the presence of numerous micro-cracks led to a higher rate of degradation; the power loss upon irradiation (1000 W/m 2 for 1000 h) was twice as high as that for the intact reference module under the same stress conditions. Defects in the cell interconnection of test modules caused a higher series resistance, leading to a slightly lower power output by ~1%. The relative change in power upon accelerated ageing, though, was not affected by that failure. Outdoor weathering for 1.5 years did not lead to any degradation effects, irrespective of the failures deliberately incorporated in the test modules.
In the unaged state, the polymeric encapsulates of the PV modules (ethylene-vinyl acetate, EVA) did not show distinctive fluorescence. The EVA polymer itself has no fluorescing groups in its original state but UV-excitable fluorophores/chromophores can be formed from the peroxidic curing agent/crosslinker during curing, either as decomposition product [29] or by degradation of stabilizers by peroxides [44, 45] . Furthermore, constituents of the encapsulating material, like impurities or additives, also influence the UV-F of the encapsulating polymer [46] [47] [48] . With an increasing lifetime, the encapsulant material degraded due to the interaction with irradiation through artificial or natural sunlight and the elevated temperature from forming fluorophores. The fluorescing effect was increasing with exposure time as it is directly dependent on the concentration of fluorophores built [1] . Partially activated and degraded polymer chains show fluorescence effects [48] . As the encapsulant not only comprises the polymeric base material itself but also of a mixture of additives, its composition has an influence on the development of the fluorescence (as studied in detailed by Peike et al. [46, 48] ), [29] . 
The results presented show a good robustness of the PV modules against stress, even when defects such as micro-cracks, cell cracks, glass breakage or interruptions in the cell interconnections are present. Hardly any propagation of the module failures in the accelerated ageing tests (indoors) and the outdoor exposure test could be detected. It was also noticed that the length of the micro-cracks (as visualized by the EL-images) did not (or only minor) increase during the time span of the accelerated (indoor) or natural ageing (outdoor) tests performed within the work presented. These effects were also found by Buerhop-Lutz et al. in indoor tests [15] and Jaeckel et al. in a 15-year outdoor test [16] and are in accordance with a recent study by Dimish et al. on the impact of cracks on photovoltaic power performance [43] .
However, the presence of numerous micro-cracks led to a higher rate of degradation; the power loss upon irradiation (1000 W/m 2 for 1000 h) was twice as high as that for the intact reference module under the same stress conditions. Defects in the cell interconnection of test modules caused a higher series resistance, leading to a slightly lower power output by~1%. The relative change in power upon accelerated ageing, though, was not affected by that failure. Outdoor weathering for 1.5 years did not lead to any degradation effects, irrespective of the failures deliberately incorporated in the test modules.
In the unaged state, the polymeric encapsulates of the PV modules (ethylene-vinyl acetate, EVA) did not show distinctive fluorescence. The EVA polymer itself has no fluorescing groups in its original state but UV-excitable fluorophores/chromophores can be formed from the peroxidic curing agent/crosslinker during curing, either as decomposition product [29] or by degradation of stabilizers by peroxides [44, 45] . Furthermore, constituents of the encapsulating material, like impurities or additives, also influence the UV-F of the encapsulating polymer [46] [47] [48] . With an increasing lifetime, the encapsulant material degraded due to the interaction with irradiation through artificial or natural sunlight and the elevated temperature from forming fluorophores. The fluorescing effect was increasing with exposure time as it is directly dependent on the concentration of fluorophores built [1] . Partially activated and degraded polymer chains show fluorescence effects [48] . As the encapsulant not only comprises the polymeric base material itself but also of a mixture of additives, its composition has an influence on the development of the fluorescence (as studied in detailed by Peike et al. [46, 48] ), [29] .
Our own results as well as detailed studies by Schlothauer et al. [47, 49] confirm that in the photobleached areas, the polymeric encapsulant is chemically changed due to the oxidative reaction of the polymer, leading to chain scission and consequently, to changes in the viscoelastic mechanical properties and thermomechanical properties of the polymer.
Comparable fluorescence patterns of the front encapsulant of the test modules were observed following artificial and natural sunlight weathering.
However, during outdoor exposure, the fluorescence effects were clearly detectable in the field (in darkness) with a UV-F lamp after 1 year. This is in good agreement with findings reported in the literature regarding an induction period for the visible detection of UV-fluorescence [25] . Köntges et al. reported [11] that the module should have been exposed to UV dose of approximately 80 kWh/m 2 , which correlates to about 1.5 years of outdoor exposure in Germany, to get a sufficient fluorescence signal. The formation of the fluorescing groups in the polymer requires irradiation and the absence of oxygen; an elevated temperature accelerates the process. Thus, in the artificial weathering test (1000 W/m 2 of simulated sunlight with metal halide lamps (300-2500 nm) performed at a chamber temperature of 50 • C with 40% r.H. for 1000 h), UV-F patterns were already detectable after 300 h.
The abovementioned fluorescence patterns formed in the polymeric encapsulant upon weathering/irradiation can become extinct in the presence of oxygen and irradiation. The permeation of oxygen into the encapsulant via glass breakage or a polymeric backsheet acts as bleaching agent for fluorescence. As the oxygen molecules can interact/react with the activated and fluorescing sites of the polymer, their presence leads to an irreversible decrease in the fluorescence intensity. Bleaching needs irradiation besides oxygen ("photobleaching") [11, 29, 30] . The width of the bleached rim around the cell and the bleached area above the cell crack increased with time and were correlated with the permeation rate of oxygen into the front encapsulant [47, 50, 51] .
This clearly indicates that UV-F imaging is a suitable tool, not only for detecting cell cracks in operating PV modules but also to allow for estimation of the timescale at when these cell cracks were generated. This may be of special interest to allow one to distinguish between installation-or transport-induced cell cracks and those which are generated during operation by, for example, a heavy hail storm [17] . Furthermore, the temperature-induced degradation effects of the encapsulant lead to increased fluorescing light intensities and make hot spots or overheated module parts visible in the UV-F images [11] .
The fluorescence effects observed upon DH storage (high temperature, high humidity, no irradiation) above permeable backsheets were correlated with the ingress of water vapour [34] [35] [36] 51, 52] and its interaction with the polymeric encapsulant and had a different origin from the irradiation-induced fluorescence effects [22, [49] [50] [51] . The intensity of this type of fluorescence is lower, and fluorescence spectroscopic measurements have shown that the absorption maximum of elevated temperature and water induced fluorescence lies at a lower wavelength than for irradiation induced fluorescence, as described in detail by Röder and Schlothauer in several scientific presentations [33, 36, 45, 50, 53] .
Conclusions
The performances of PV modules with mechanical module failures, such as micro-cracks, cell cracks, glass breakage or breakage of interconnectors were found to be rather unaffected upon storage under various stress conditions. In most cases, no propagation of the module failures in the accelerated ageing tests and the outdoor exposure test could be detected. However, the presence of numerous micro-cracks led to a higher rate of degradation; the power loss upon irradiation was twice as high as for the intact reference module upon accelerated ageing.
UV-F imaging is a perfect tool for on-site detection of module failures connected with a mechanical rupture of the solar cells and additionally, gives information about the timescale of the formation of the cracks. The induction period for the fluorescence effects of the polymeric encapsulant is~1 year of outdoor weathering (in middle Europe) and 300 h of artificial irradiation (with 1000 W/m 2 artificial sunlight 300-2500 nm). Characteristic fluorescence patterns and types are formed upon temperature and humidity impact (DH storage) and irradiation stress (artificial weathering and outdoor exposure). Mechanical failures of the modules, such as cell cracks and glass breakage have strong influences on the local extinction of the fluorescence (photo bleaching).
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